INTRODUCTION
5-Aminolevulinic acid (ALA) is the common precursor of all tetrapyrroles. In plants, ALA is synthesized from glutamyl-tRNA (Glu) in a two-step reaction. The activated glutamate is first reduced to glutamate-1-semialdehyde (GSA) by glutamyl-tRNA reductase (GluTR). Glutamate-1-semialdehyde aminotransferase (GSAT) then converts GSA into ALA by pyridoxamine-5 0 -phosphate-dependent aminogroup transfer (Kannangara et al., 1988) . The metabolic activity of the ALA-synthesizing enzymes GluTR and GSAT determines the levels of tetrapyrrole precursors, which are in turn allocated to the two branches of the pathway for synthesis of different tetrapyrrole end-products. Both bacterial and eukaryotic photosynthesizing organisms are characterized by the formation of a wide diversity of tetrapyrroles, such as (bacterio)chlorophylls, heme, siroheme, and phycobilins, including phytochromobilin (Tanaka et al., 2011) .
In angiosperms, chlorophyll synthesis is carried out in the leaves during light exposure only. It is suppressed in the dark at the protochlorophyllide oxidoreductase (POR) step, while heme synthesis occurs continuously in all plant tissues (Stobart and Ameen-Bukhari, 1984; Forreiter et al., 1991; Richter et al., 2010) . This temporal, tissue-specific, and developmental variation in the demand for ALA precursors for tetrapyrrole synthesis is regulated by transcriptional and posttranslational control mechanisms. Among the enzymes of ALA synthesis, GluTR is commonly accepted to be the rate-limiting step in plant tetrapyrrole biosynthesis (TBS, (Beale et al., 1975; Mayer et al., 1987) ). The Arabidopsis thaliana genome contains three HEMA genes. HEMA1 encodes the dominant GluTR isoform in photosynthetic tissues and its light-dependent and circadian activation ensures the production of adequate amounts of the enzyme (McCormac et al., 2001) . HEMA2 is constitutively expressed in all plant organs, while HEMA3 is considered to be a pseudogene (Ujwal et al., 2002) .
Additional factors have been reported to modulate ALA synthesis and the flux of ALA into TBS at the level of GluTR activity Tanaka et al., 2011) . The best known regulator of ALA synthesis is fluorescent in blue light (FLU), which was first identified as a negative key regulator in a mutant screen using etiolated seedlings. Etiolated flu mutants accumulate excessive amounts of protochlorophyllide (Pchlide) (Meskauskiene et al., 2001) indicating that FLU suppresses ALA synthesis in darkness. FLU was subsequently shown to interact with the C-terminal segment of GluTR and inactivates ALA synthesis by an unknown mechanism (Meskauskiene et al., 2001; Meskauskiene and Apel, 2002; Goslings et al., 2004; Zhang et al., 2015) . The FLU binding site of GluTR was assigned to the last 43 amino acid residues (Meskauskiene and Apel, 2002) .
Fluorescent in blue light belongs to the family of tetratricopeptide repeat (TPR) proteins (Bohne et al., 2016) . TPR motifs mediate interactions with other proteins. FLU possesses three TPR motifs at its C-terminus. The FLUÀGluTR interaction has recently been verified by X-ray crystallographic analysis of a complex consisting of the TPR domain of FLU and a truncated GluTR comprising the last 104 amino acid residues, including its dimerization domain (Zhang et al., 2015) .
Another factor is GluTR-binding protein (GBP). It was previously assumed that GBP provides support for heme synthesis in the dark when ALA synthesis is largely suppressed (Czarnecki et al., 2011) . The N-terminal region of GluTR has been shown to interact with GBP (Apitz et al., 2016) . Moreover, a complex in which GBP and FLU are bound at opposite ends of the GluTR sequence was recently assembled in vitro and structurally characterized (Fang et al., 2016) , although evidence for the formation of this ternary complex in vivo is still lacking. GBP has been suggested to protect GluTR from degradation (Apitz et al., 2016) . GluTR is targeted by the plastid caseinolytic protease (Clp) system (Nishimura and van Wijk, 2015) , and the Clp chaperones ClpC1 and C2, as well as the Clp auxiliary factors ClpS and ClpF, interact with the N-terminal end of GluTR. As GBP was shown to have a higher affinity for GluTR than FLU (Zhang et al., 2015) , it is reasonable to postulate a role for GBP in maintaining adequate ALA synthesis by counteracting FLU-mediated inactivation and Clpdependent degradation of GluTR (as reported in Zhang et al., 2015 and Apitz et al., 2016, respectively) .
Heme-dependent feedback inhibition of ALA synthesis has been eventually reported for heme synthesis in yeast and bacteria (Jones and Elliott, 2010) , and this has also been proposed for the plant ALA synthesis pathway (Weinstein et al., 1993; Terry and Kendrick, 1999) . GluTR inhibition by heme was first demonstrated in cell extracts and chloroplasts from algae (Weinstein and Beale, 1985; Castelfranco and Zeng, 1991) , and later shown to occur in barley (Pontoppidan and Kannangara, 1994; Vothknecht et al., 1996) . Interestingly, deletion of the 30 N-terminal amino acid residues of the mature barley GluTR suppresses hemedependent inhibition of GluTR (Vothknecht et al., 1996) .
The flu mutant cannot grow under lightÀdark conditions due to an overaccumulation of Pchlide during the dark phase. It survives only in continuous light, when ALA synthesis is not negatively controlled, and light-dependent POR can permanently convert Pchlide into chlorophyllide (Chlide). Older Arabidopsis flu plants show a reduction in growth rate under constant light exposure (Goslings et al., 2004) , suggesting that FLU also plays a role in light. Here, we use FLU-overexpressor lines to explore the function of FLU in chlorophyll biosynthesis during light exposure. We demonstrate that adequate amounts of FLU are essential in light, in particular under fluctuating light. Moreover, FLU overproduction impairs ALA synthesis to a greater extent under low and high light than under moderate light intensities. Finally, FLU-GluTR interaction does not only inactivate GluTR, but modifies also its stability. Hence, these studies expand the regulatory role of FLU in ALA synthesis to lightexposed plant growth.
RESULTS

Modified metabolic flow in flu tetrapyrrole biosynthesis
Previous studies revealed increased ALA synthesis rates in dark-and light-grown flu seedlings in comparison with wild-type (WT) (Meskauskiene et al., 2001; Goslings et al., 2004) . We initially confirmed the increased ALA synthesis capacity in flu seedlings grown in continuous constant light and determined a 44% increased ALA synthesis rate in flu compared with WT (330 versus 190 nmol synthesized ALA h À 1 g À1 fresh weight (fw)). Compared with the previous report (Goslings et al., 2004) , the quantitative differences of elevated ALA synthesis in flu leaf samples are explained with the different age of seedlings and their growth conditions. Although the chlorophyll content in flu resembles the levels of WT seedlings grown under continuous light (Figure 1a) , levels of some tetrapyrrole intermediates, such as Mg protoporphyrin (MgP), Mg protoporphyrin monomethylester (MME), and Pchlide , were increased, indicating that metabolic flow into chlorophyll formation is elevated in flu mutants -not only in darkness but also during light exposure -due to enhanced ALA synthesis. ) during a 14-h photoperiod, the FLUOE seedlings displayed yellowÀgreen pigmentation and drastic growth retardation. In all three selected lines, steady-state levels of FLU were similar under ML and LL conditions (Figure 2b ). However, while LL-grown WT seedlings accumulated c. 10% more chlorophyll per fresh weight than those exposed to ML, the FLUOE lines showed drastically decreased chlorophyll contents. ML-grown 3-week-old and LL-grown 5-week-old FLUOE lines contained 32% and 76% less chlorophyll than WT, respectively (Figure 3a) . The chlorophyll a/b ratio was elevated in LL-exposed leaves of FLUOE lines relative to their ML-grown and WT leaves cultivated under both light intensities (Figure 3b ), which is indicative of a more pronounced degradation of light-harvesting antenna complexes than photosynthetic core complexes. Thus, FLU-overproducing seedlings synthesized lower amounts of chlorophyll than WT seedlings when exposed to ML and this effect was enhanced under LL conditions.
The FLUOE lines also displayed decreased heme contents in leaves compared with WT ( Figure 3c ). In contrast with similar WT chlorophyll content under both light conditions, both WT and FLUOE lines displayed decreased heme contents in LL-exposed leaves compared with ML. The LL-dependent decline of heme levels turned out to be more pronounced in FLUOE plants relative to WT, indicating that FLU overproduction has a specific impact on the chlorophyll branch of TBS while the heme content lightdependently and concurrently varied in WT and FLUOE lines.
5-Aminolevulinic acid synthesis of WT and FLUOE lines decreased with descending light intensities (Figure 3d ), although FLU overproduction correlated with even more diminished ALA synthesis rates (29% and 17% of WT activity under ML and LL conditions, respectively). Thus, FLU overexpression negatively affected ALA formation. Under LL conditions, steady-state levels of MgP, MME, and Pchlide in FLUOE lines were more strongly diminished than in WT (Figure 3e-g ). These findings indicate that excess FLU leads to a significant suppression of TBS during illumination, especially under LL conditions. Interestingly, the FLUOE lines strongly accumulated GluTR compared with the control, while GBP, GSAT ,and MgP methyltransferase (CHLM) accumulated to similar levels compared with WT (Figures 2b and 4a) . Significantly elevated protein amounts in the FLUOE lines were also detected for CHL27, a subunit of MME oxidative cyclase, and POR (Figure 4a ). The decrease in LHCB1 and LHCA1 content in ML-FLUOE leaves is consistent with lower overall chlorophyll content and a higher Chl a/b ratio. Steadystate levels of transcripts encoding proteins of TBS and photosynthesis were essentially unchanged in FLUOE relative to WT lines, with the exception of slight increases in GSA1 and PORA mRNA levels ( Figure 4b ). HEMA1 transcripts accumulated to equal levels in FLUOE and control lines. Therefore, the increase in GluTR content in the FLUOE lines can be attributed to posttranslational control mechanisms stabilizing GluTR. The GluTR antibody used reacts preferentially with HEMA1-encoded protein. Therefore, a contribution of HEMA2 to GluTR overaccumulation can be excluded in leaves.
Impact of FLU overproduction in continuous and high light
The drastic decrease in chlorophyll content observed in ML-and LL-grown FLUOE lines in comparison with WT suggested that FLU controls ALA synthesis not only in darkness, but also during growth under different light intensities. To exclude any dark-specific regulatory effects of FLU, FLUOE and WT seedlings were grown for 2 weeks In view of the effect of excess FLU under LL conditions, we asked whether FLU overproduction might also compromise the control of ALA synthesis under high light (HL) stress. For further comparative analysis, FLUOE, flu and WT seedlings were first grown for 3 weeks under continuous ML (90 lmol photons m À2 sec À1 ) and subsequently exposed to continuous HL, either for 5 h or 3 days. Under HL, chlorophyll content was reduced in WT seedlings (Figure 5a) . While short-term HL did not significantly decrease the chlorophyll content in FLUOE compared with WT and flu seedlings, a 3-day exposure to constant HL resulted in a specific and more severe decline in FLUOE. Long-term HL yielded a 25% loss of chlorophyll in WT and flu, but a 50-63% drop in FLUOE lines relative to the ML-grown seedlings. This finding indicates that excess FLU unfavorably deregulates chlorophyll synthesis in plants exposed to continuous HL, but can be tolerated under ML conditions.
No significant change in the heme content was observed in any of the lines following the transfer to HL conditions ( Figure 5b ).
GluTR distribution in membrane and stroma fraction
The lower chlorophyll content in FLUOE lines is not due to degradation of TBS proteins or reduced expression of their encoding genes ( Figure 4 ). Conversely, the GluTR protein amount was even strongly enhanced. However, this increase in GluTR did not result in a higher ALA synthesis capacity ( Figure 3d ). To analyze the strong GluTR accumulation in FLUOE lines further, we examined the distribution of GluTR between the stroma and membrane fractions of WT and transgenic seedlings. As flu was included in this analysis of the GluTR allocation to plastid subcompartments, all seedlings were grown in continuous light. A recently established rapid extraction method for leaf proteins allowed a separation of soluble and membranebound GluTR (see Experimental procedures). Based on equal amounts of fresh weight, the amount of membranebound GluTR was markedly higher in the FLUOE lines and, the portion of stroma-localized GluTR was decreased in FLUOE lines compared with WT and flu seedlings (see ML in Figure 6a ). In addition, despite its dramatic overproduction, FLU was not detected in the soluble fraction of plastids, indicating that excess FLU was entirely integrated in the plastid membranes. As there is no increase in HEMA1 expression, it is obvious that FLU overproduction must be responsible for the additional membrane-associated GluTR accumulation (Figure 4a,b) . This observation is an indicative for a FLUOE-dependent stability of membrane-localized GluTR.
For comparison, the distribution of GluTR in flu showed an increase in accumulating GluTR in the soluble fraction compared with the membrane fraction, as well as the stroma fraction of WT and the other lines. GSAT was exclusively found in the stroma (Figure 6a ) as previously proposed (Kannangara and Gough, 1978; Grimm, 1990) . GBP was found in both membrane and soluble fractions and, notably, its content was elevated in the flu stroma, and in the FLUOE membrane fraction (Figure 6a) .
We also compared the distribution of GluTR between membrane and soluble fractions of seedlings of the three lines after a 5-h dark treatment (Figure 6a ). Extracts were used to highlight the light-dark-dependent variation in stromal and membrane-localized WT GluTR content. The GluTR amount in WT membranes increased after 5 h of darkness. This was accompanied by a decreased amount of soluble GluTR. In contrast to WT, both analyzed mutant lines did not display changes in GluTR allocation following a shift to darkness (Figure 6a ). But in dark-incubated flu, GluTR was predominantly found in the soluble fraction, while the majority of GluTR in FLUOE lines remained membrane-associated in the light and after the transition to dark. Therefore, FLU deficiency and FLU overproduction caused different subcompartmental allocations of GluTR in chloroplasts compared with the distribution in WT. The relative quantification of the amounts of GluTR in membrane and soluble fractions of light-and dark-grown wild-type (WT, Col-0) flu and FLUOE seedlings are displayed in Figure S3(a-c) . The sublocalization of GBP, GSAT, and FLU remained the same before and after 5 h of darkness.
In etiolated seedlings of Arabidopsis, ALA synthesis is repressed to avoid accumulation of Pchlide. When 5-dayold etiolated seedlings are exposed to light, greening is induced and chlorophyll synthesis facilitated by elevated ALA synthesis rate (Aarti et al., 2007) and the activation of light-operating POR. To analyze to what extent TBS during greening depends on the sublocalization of GluTR, we determined its level in stroma and membrane fractions of etiolated and light-exposed seedlings. In etiolated seedlings, most GluTR was observed in the membrane fraction in both WT and FLUOE lines, while the vast majority of GluTR in flu seedlings was found in the soluble fraction of the chloroplast (Figure 6b ). During greening the soluble portion of GluTR increased in WT, gradually, during the first 30 min, as did the ratio of soluble to membranebound GluTR. A shift to higher levels of soluble GluTR was also observed in the FLUOE line, but most GluTR remained bound to the membrane within the first 30 min of light exposure. By contrast, the soluble GluTR content of flu drastically decreased after 10 min of light exposure. It is assumed that GluTR in de-etiolating flu mutants is rapidly degraded due to the photodestructive action of excess Pchlide in the light that results in cell death after few hours of light exposure (Danon et al., 2005) . The relative amounts of GluTR in membrane and soluble fractions in WT, flu and FLUOE seedlings in the first 30 min of de-etiolation were quantified and are displayed in Figure S4 .
Growth and pigmentation of flu is compromised under continuous fluctuating light conditions
Young flu seedlings were reported to show no phenomenological differences from WT seedlings under continuous light (Meskauskiene et al., 2001) . Therefore, the growth of flu and WT seedlings was examined under continuous light with periodic changes in light intensity (30 min ML and 30 min LL). Interestingly, after transfer from constant to fluctuating light the growth rate (leaf sizes and number of leaves) of flu seedlings resembled that of WT within the first 3 weeks, but a pale green phenotype was displayed in newly formed flu leaves (Figure 7a ) and confirmed by a decreased chlorophyll content (Figure 7b ). Fluctuating light affected ALA synthesis rate in WT and flu, but to a gradually stronger extent in flu during LL exposure ) for 3 weeks. GluTR, glutamyl-tRNA reductase; GSAT, glutamate 1-semialdehyde aminotransferase; CHLM, Mg protoporphyrin IX methyltransferase; CHL27, protein of MgProtoME cyclase; POR, protochlorophyllide oxidoreductase; GBP, GluTR-binding protein; FLU, fluorescence in blue light; LHCA and LHCB, lightharvesting chlorophyll binding protein of photosystem I and II.
( Figure 7c ). While the content of ALA synthesis proteins was similar in the LL and ML phases of WT and flu, respectively, the amount of POR was lower during LL periods (Figure 7d ). The decreased POR contents correlated with two-times higher Pchlide steady-state levels in both lines during the LL phase compared with the ML phase (Figure 7g) . However, the Pchlide content was almost 26% and 38% higher in ML and LL-exposed flu seedlings, respectively, compared with WT. While the MgP contents in both lines were similar during both light intensities and MME content did not vary in WT seedlings during the LL and ML phases, flu leaves accumulated twice the amount of MME during LL relative to ML conditions.
Based on these findings, we suggest that FLU plays an important role in adaptation to changing light conditions by acting rapidly to rebalance ALA synthesis. We repeated this experiment with extended periods of fluctuating light intensity (12 h LL and 12 h ML) and observed again a reduced green pigmentation in young emerging leaves of flu seedlings ( Figure S5a ). Pchlide levels were determined at the end of the LL and ML periods ( Figure S5b ). While WT Pchlide levels were 58% higher in LL compared with ML, Pchlide content doubled in flu and eventually rose to a three times higher LL value than that of WT ( Figure S5b) . We wish to keep in mind that similar increased Pchlide levels in LLgrown flu versus WT seedlings were also already harmful for etiolated flu seedlings exposed to light (Meskauskiene et al., 2001) . Responses to enhanced levels of reactive oxygen species (ROS) were examined by determining expression of ROS marker genes. AAA1-and BAP1-encoding proteins involved in singlet-oxygen-responsive pathway as well as CYP81D8 indicative for general oxidative responses showed enhanced transcript levels in flu seedlings during the ML and LL phases of fluctuating light compared with WT. Conversely, GPX1-, GPX7-, and APX1-encoding enzymes for ROS scavenging remained unchanged in MLand LL-grown flu and WT seedlings ( Figure S6a-f) .
DISCUSSION FLU has a regulatory effect on GluTR and ALA synthesis in the light
GluTR is known to be the rate-limiting enzyme for the synthesis of ALA (Castelfranco et al., 1974; Beale, 1990) . The conditional flu mutant failed to inactivate GluTR in the dark and the regulatory impact of FLU has been previously reported in detail (Meskauskiene et al., 2001 ). In addition, flu has been intensively explored to elucidate the role of plastid-derived singlet oxygen signaling in the modification of nuclear gene expression and to identify and analyze new components of this retrograde signaling pathway, such as EXECUTER (Wagner et al., 2004; Lee et al., 2007; Zhang et al., 2014; Wang et al., 2016) . The crystal structure of a complex formed between a 104-amino-acid C-terminal region of GluTR and the isolated TPR domain of FLU prompted the authors to propose that binding of FLU to GluTR prevents its interaction with glutamyl-tRNA (Glu), therefore cutting off the substrate supply for the reduction of glutamate to glutamate-1-semialdehyde (Zhang et al., 2015) . Nevertheless, the cellular events, especially, that eventually trigger FLU-dependent GluTR inactivation remain to be elucidated. Here, we have focused on the potentially wider role of FLU and explored its regulatory effect using two different approaches. Firstly, we investigated FLUOE lines in lightÀdark cycles under different, but constant, light intensities and secondly subjected WT and flu seedlings to continuous light with fluctuating intensities. FLU overproduction during photoperiodic growth and in continuous light resulted in reduced chlorophyll accumulation, suggesting an inhibitory effect of FLU in the light (Figures 2a and 3b) . FLU overexpression also correlated with an enhanced accumulation of GluTR, which was mainly found in the plastidal membrane fraction (Figures 2b and 4a ). This increased GluTR content was not paralleled by an elevated level of HEMA1 transcripts (Figure 4b ) and can most likely not be explained by increased rates of translation or import, indicating that it is due to enhanced protein stability, rather than augmented transcript abundance.
A strong increase in GluTR content, as observed in the FLUOE lines, might be expected to result in enhanced enzyme activity. Despite the elevated GluTR content in these lines, ALA synthesis rates were reduced (Figure 3d ). However this was consistent with the rise in ALA synthesis that is observed in dark-or light-grown flu ( Figure S4d ) (Goslings et al., 2004) . Therefore, the lower ALA synthesis and the concomitant drop in chlorophyll accumulation in FLUOE lines (Figure 3) are not due to protein degradation or declined transcriptional activity of genes involved in ALA formation and TBS (Figure 4a, b) . Instead, the GluTR content is likely to be connected with the presence of excess FLU, which interacts with the enzyme and inhibits its activity but boosts its stability.
We also observed elevated contents of CHL27 and POR in the FLUOE lines (Figure 4b ). These two proteins have been proposed to form a complex with FLU in the thylakoid membrane (Kauss et al., 2012) . Bimolecular interaction of FLU with CHL27 and POR has been previously reported (Kauss et al., 2012) . Apart from the FLU-dependent stabilization of GluTR, FLU overproduction may have also stabilizing effects on CHL27 and POR. It is important to emphasize that we did not notice additional effects of excess FLU on dark suppression of GluTR activity, but significantly inactivated ALA synthesis in light. Excess FLU posttranslationally deregulated light-dependent fine tuning of ALA synthesis, and thereby reduced the supply of tetrapyrrole metabolites.
Localization of GluTR to the thylakoid membrane is dependent on FLU
Both deficiency and overproduction of FLU are associated with a failure to adjust the rate of ALA synthesis in accordance with physiological requirements. To elucidate the principle of deregulation of ALA synthesis, we examined the distribution of GluTR between the plastid membrane and the stroma in light and dark-grown flu and FLUOE seedlings. Our studies revealed changes in the suborganellar distribution of GluTR that correlated with FLU deficiency and overproduction. Extracts of WT seedlings prepared by a protocol for rapid fractionation of Arabidopsis leaf proteins (Schmied et al., 2018) were found to have more GluTR in the membrane-bound fraction than in the soluble fraction (based on samples representing the same fresh weight, Figure 4a,b) . Remarkable aberrations from this distribution were observed in both FLUOE and flu seedlings. GluTR predominantly accumulated in the membrane fraction in FLUOE seedlings, and in the stroma fraction of flu seedling extracts (Figures 6a and S3) . Therefore, levels of membrane-bound GluTR correlated with the amounts of FLU.
Although FLU has been reported to be essential for the repression of ALA synthesis in the dark (Meskauskiene et al., 2001) , WT plants grown in constant light also contain FLU and a large portion of their GluTR is associated with the chloroplast membrane (Schmied et al., 2018, Figure 4a) . In FLUOE lines, more GluTR is directed to, and sequestered in, the plastid membrane. The FLU-dependent sequestration is assumed to make GluTR inaccessible to the soluble Clp protease (Apitz et al., 2016) . Therefore, FLU not only effectively inactivates, but also protects GluTR against proteolysis.
Glutamyl-tRNA reductase activity was previously recovered from the stroma of chloroplasts (Pontoppidan and Kannangara, 1994) . The preparation of plant extracts inevitably perturbs subcellular organization, and even the most gentle and fastest extraction procedure disrupts the compartmentalization of macromolecular complexes (Markwell et al., 1979; Frangakis et al., 2002) . However, based on fractionation of leaf extracts, we predicted that the soluble GluTR content correlates with the level of active ALA synthesis (Schmied et al., 2018) . Consequently, the amount of soluble GluTR following a dark incubation is diminished relative to that of light-exposed leaves (Figure 6a) . Fluorescent in blue light-mediated inactivation of GluTR occurs at the membrane (Kauss et al., 2012) . Interestingly, an alteration in the content of membrane-associated and soluble GluTR could be observed between etiolated and 30 min light-exposed seedlings (Figures 6b and S4) . It is hypothesized that part of the predominantly membranelocalized GluTR found in etiolated seedlings is solubilized within the first few minutes after the onset of illumination, and additional amounts of GluTR are newly synthesized and result in GluTR accumulation in the soluble fraction. This observation strengthens the correlation between the soluble portion of GluTR and light-induced stimulation of ALA synthesis, which is predominantly required for the supply of chlorophyll during greening. As flu mutants still retain some GluTR in the membrane, further membranelocalized proteins may interact with GluTR. Future experiments could reveal functional differences of membrane-localized GluTR.
Glutamate-1-semialdehyde aminotransferase is found exclusively in the stroma fraction (Figure 6a ). It has been suggested that the metabolic flow of glutamate to ALA is mediated by a physical interaction between GluTR and GSAT (Moser et al., 2001) . The proposed GSAT-GluTR link, also proposed for ALA synthesis in E. coli and Chlamydomonas reinhardtii (Jahn, 1992; L€ uer et al., 2005) , is apparently rather weak, as it seems to be loosened during plastid extract preparation. Future studies are required to reveal the continuance between GluTR and GSAT. Moreover, it can be observed that the subplastidic distribution of GBP reflects the localization of GluTR (Figure 6a ). More GBP accumulated in the stroma fraction of flu, while in FLUOE plants the protein was mainly associated with membranes. Due to the strong affinity of GBP to GluTR, the spatial allocation of GBP is preferentially assigned to the GluTR.
Requirement for FLU for modulation of GluTR activity in response to fluctuating light intensity 5-Aminolevulinic acid synthesis in plants is rapidly downregulated after transition from light to dark (Richter et al., 2010) . In order to inactivate ALA synthesis in the dark, FLU was proposed to interact with GluTR and anchor it to a complex containing POR and CHL27 in the thylakoid membrane (Kauss et al., 2012) . We agree with the current model that a major role of FLU is to bind in the dark most of the GluTR to the membrane and thereby repress ALA synthesis. Although FLU deficiency is paralleled by enhanced ALA synthesis in light and dark, very little information was known about the role of FLU during light exposure. In addition, the large portion of GluTR bound via FLU to the membrane during light exposure prompted us to examine the potential light-dependent role of FLU. The increased ALA synthesis rate in illuminated flu indicates the need for light-dependent inhibitory action of FLU. Under laboratory conditions, plants are usually exposed to constant light intensities, and do not reflect actual environmental conditions with frequently changing light intensities. We shed more light on the regulatory role of FLU during light exposure by exposing flu mutants to fluctuating light (here 30-min periods of ML and LL, Figure 7 ). Then, newly formed leaves of flu seedlings contained less chlorophyll relative to controls. Moreover, the lack of FLU resulted in elevated Pchlide levels in light (Figures 7g and S5b). Given that even higher steady-state levels of Pchlide accumulate in LL-exposed flu seedlings compared with ML condition, it is obvious that the capacity of flu for ALA synthesis exceeds the compatible metabolic activities of the subsequent enzymatic steps in the chlorophyll metabolism, in particular, the light-dependent reduction of Pchlide by POR. Therefore, flu has at least partially lost the ability to balance ALA synthesis under changing light intensities. As a result, accumulating Pchlide generates ROS, mainly singlet oxygen, which might cause detrimental photosensitization in chloroplasts. The modified expression of several marker genes of oxidative stress response is also indicative for additional stress in flu during LL-ML transitions ( Figure 7) . As expected, when the light intensity frequently changes, growth of flu is more perturbed than that of WT. This was observed after a 7-day-treatment in continuous exposure to alternating 30-min periods of LL and ML.
The constant need for a precise FLU-dependent inactivation of GluTR is also substantiated by the phenotype of the FLUOE lines. Excess FLU impaired ALA synthesis in light (Figures 2 and 3) . The yellow-green leaf phenotype of FLUOE seedlings was reflected in a 32% reduction in chlorophyll content relative to WT under continuous ML exposure. The decreased chlorophyll content correlated with less Pchlide and Mg porphyrins. Moreover, the inadequate ALA formation was more obvious in LL-exposed FLUOE lines (Figure 3) . Combined with the macroscopic phenotype of flu seedlings grown in the varying light conditions (Figure 7) , these results underline a regulatory function of FLU on ALA synthesis during different light intensities. As FLU-deficient and overproducing seedlings are impaired already during a constant shift between ML and LL (Figures 7 and S5) , it is expected that stronger variations of light intensity will result in more severe physiological disturbances.
A tight link has been proposed between ALA synthesis rate and the formation of tetrapyrrole end-products. A constantly varying fraction of active GluTR is apparently required in seedlings grown under fluctuating light conditions. Rapid posttranslational adjustments of the supply of ALA for chlorophyll and heme synthesis are presumably necessary in response to rapid changes in light intensity. Consequently, graduated FLU-dependent inactivation of GluTR in light-exposed seedlings is substantial to ensure the rapid modulation of ALA synthesis needed for optimal growth of WT seedlings.
Multiple mechanisms of GluTR control and the mode of action of FLU-mediated inactivation of GluTR
Multiple regulatory mechanisms control the stability and activity of GluTR. Apart from light, hormonal, and clockdependent expression of the GluTR-encoding HEMA1, additional posttranslational controls have been reported. Heme negatively regulates ALA synthesis (Goslings et al., 2004; Zhao et al., 2014) . NTRC-and TRX-dependent stabilization of GluTR has also been described (Richter et al., 2013; Da et al., 2017) . ALA synthesis in angiosperms is suppressed in the dark and probably under adverse lighting conditions (Aarti et al., 2007; Richter et al., 2010) . Chaperone cpSRP 43 prevents aggregation of GluTR and contributes to adequate ALA synthesis (Wang et al., 2018) .
But even moderate changes in lighting conditions, such as a single shift from LL to ML during a 24-h light period as well as growth under fluctuating light, require the presence of FLU (Figures 5, 7, S5 ). The lower ALA synthesis rate observed in FLUOE lines compared with WT highlights that excess FLU compromises ALA and hence chlorophyll biosynthesis. In other words, a precise control of the level of FLU is essential for optimal growth. How inactivation of GluTR by FLU is controlled and the diverse regulatory mechanisms acting on GluTR are correctly harmonized remain challenging questions. Although dark repression of ALA synthesis in angiosperms is well known and FLU's involvement in the process is acknowledged, the underlying molecular mechanism is still unknown. FLU-dependent inactivation of GluTR requires anchoring of GluTR to the membrane. The trigger for this change in GluTR localization remains unidentified. Moreover, the action of FLU has to be coordinated with the proteolytic degradation of GluTR by the stroma-localized Clp protease (Shanklin et al., 1995; Apitz et al., 2016) . In flu or FLUOE lines, the allocation of GluTR in stroma and membrane fractions did not vary significantly between night and day ( Figure 6a ). In WT, soluble GluTR is accessible to degradation and its content is evidently decreased during extended dark incubation (Apitz et al., 2016) . These changes in levels of soluble GluTR normally correlate with the capacity for ALA synthesis and chlorophyll accumulation.
The TPR domain of FLU interacts with GluTR (Zhang et al., 2015) and probably mediates its inhibitory and stabilizing effects on GluTR. However, at present, it is entirely speculative whether the interaction between the C-terminal part of GluTR and the TPR domain of FLU (Zhang et al., 2015) is sufficient to achieve GluTR inactivation and subcompartmental localization. Therefore, the mode of action of FLU-mediated inhibition and stabilization of GluTR requires further experimental verification.
In conclusion, excess FLU enhances GluTR inactivation and stability. Therefore, the adequate control of GluTR activity and stability precisely depends on the controlled FLU levels, which determine the ratio of membrane-associated to soluble GluTR. The resulting suborganellar distribution of GluTR in turn reflects the light intensitydependent need for chlorophyll synthesis. In response to varying light intensities, the appropriate supply of ALA is achieved by balanced FLU-mediated control of GluTR activity.
EXPERIMENTAL PROCEDURES Plant growth
Arabidopsis thaliana seedlings (Col-0) were grown on soil at 22°C under 14 h dark/10 h light conditions or under continuous light at the intensities indicated in the figure legends. Plant material from 14 h dark/10 h light grown seedlings was harvested 2 h after the transition from dark to light.
Generation of FLU-overexpression lines
The Arabidopsis FLU gene (AT3G14110) was amplified from WT genomic DNA using the primer pair (fw: cccggggcttcccaaagcgtttgtt; rev: cccgggggtctatctgcagctgatctcc) and cloned into pGL1, which contains a CaMV 35S promoter. Stable transformation was performed by floral dip method (Clough and Bent, 1998) and transformants were selected by growth on the herbicide BASTA.
Analysis of tetrapyrroles
Approximately 50-mg samples of plant material were harvested, and Mg porphyrins, Pchlide and chlorophyll were extracted into alkaline acetone (9:1, 100% acetone:0.2 M NH 4 OH) after homogenization in liquid nitrogen. HPLC analysis was performed as previously described (Papenbrock et al., 1999) to quantify the amounts of tetrapyrrole intermediates and end products. A Pchlide standard was extracted from 7-day-old etiolated barley seedlings (Koski and Smith, 1948) . MgProto, MgProto MME, chlorophyll, and heme standards were purchased from Sigma-Aldrich Inc., St. Louis, MO, USA.
Determination of the ALA synthesis capacity 5-Aminolevulinic acid synthesis rates were determined according to Mauzerall and Granick (1956) . Around 50 mg of plant material was incubated in 5 ml of 50 mM TrisÀHCl buffer (pH 7.2) containing 40 mM levulinic acid for 3 h. Samples were then harvested and homogenized in liquid nitrogen. ALA was extracted into 500 ll of 20 mM potassium phosphate buffer (pH 6.8) and centrifuged for 10 min at 16 000 g. Then, 400 ll of the supernatant was mixed with 100 ll ethyl acetoacetate and boiled for 10 min. A 500-ll aliquot of Ehrlich's reagent was added, and the absorption was measured at k 553 nm. The ALA concentration was calculated from an ALA standard curve (Sigma-Aldrich Inc.).
Protein extraction and immunoblot analysis
Leaf material was homogenized in liquid nitrogen, total proteins were extracted in Laemmli buffer (2% (w/v) SDS, 56 mM Na 2 CO 3 , 12% (w/v) sucrose, 56 mM dithiothreitol (DTT), and 2 mM EDTA, pH 8.0) at 95°C for 5 min (Laemmli, 1970) and fractionated on an SDSÀpolyacrylamide gel (12%). Proteins were transferred onto a nitrocellulose membrane (GE Healthcare, Uppsala, SE, USA), and membrane-bound proteins were visualized with specific antibodies and ECL detection. Signal intensity of the immune band was detected and calculated using a GelAnalyzer 2010.
RNA isolation and analysis
Total RNA was extracted according to Oñate-S anchez and VicenteCarbajosa (2008) . After treatment with DNase I, samples were used for cDNA synthesis with RevertAid reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was amplified with the appropriate primers in Syber Green Mix (Biotools, Houston, TX, USA) on a CFX96 Real-Time System (Bio-Rad Laboratories GmbH, Hercules, CA, USA) and gene expression levels were calculated relative to SAND (AT2G28390) according to the 2 ÀΔΔt method.
Rapid extraction and separation into soluble and membrane-bound protein fraction
Leaf material (20 mg) was harvested and homogenized in liquid nitrogen. Samples were dissolved in 200 ll phosphate-buffered saline (PBS) buffer (20 mM sodium phosphate buffer and 150 mM NaCl, pH 7.4). Then, 120 ll of the remaining sample was centrifuged at 16 000 g for 30 min. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Arabidopsis FLU-overexpressor lines and WT (Col-0) in continuous medium light (90 lmol photons m À2 sec
À1
) or low light (20 lmol photons m À2 sec
). Figure S2 . The contents of chlorophyll, chlorophyll intermediates, and non-covalently bound heme in Arabidopsis WT and FLU-overexpression seedlings. Figure S3 . Relative quantification of the amounts of GluTR in membrane and soluble fractions of wild-type (WT, Col-0) (a), flu (b), and FLUOE (c) seedlings. Figure S4 . The relative quantification of the amounts of GluTR in membrane and soluble fractions of greening seedlings from WT (a), flu (b), and FLUOE (c). Figure S5 . Seedlings grown in continuous light and under light intensities that fluctuated at different rates. Figure S6 . The expression of reactive oxygen species response genes in flu and WT under fluctuating light.
